Pair production by a circularly polarized electromagnetic wave in plasma. 
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We present the results of the calculation of the electron-positron pair creation probability by the 
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I. INTRODUCTION 

Quantum Electrodynamics (QED) predicts the possi- 
bility of electron-positron pair production in a vacuum 
by strong electric field This nonlinear effect has at- 
tracted great attention due to the fact that it lays out- 
side the scope of perturbation theory and sheds a light 
on the nonlinear quantum electrodynamicsproperties of 
the vacuum Q- As was shown in Refs. [JQ a planar 
electromagnetic wave of arbitrary intensity and spectral 
composition does not produce the electron-positron pairs 
in a vacuum because it has both the electromagnetic field 
invariants Ji = (B 2 - E 2 )/2 and J 2 = (E-B)/2 equal to 
zero |4j. Due to this reason the pair creation was first 
considered for a static electric field, which evidently has 
non- vanishing invariant J%, then its theoretical descrip- 
tion was extended on the time- varying electric-type elec- 
tromagnetic field [5|- In this case the electromagnetic 
field invariants J\ and J 2 obey conditions 

h = jF^F^ = i(B 2 -E 2 )<0, 



J2 = \f^ v = ~(E-B) = 0, 



(1) 



where F M „ is the electromagnetic field tensor and = 
e^ vpa F pa , e^f" 7 is the totally antisymmetric tensor. In 
particular, the pair creation in a vacuum in a spatially 
homogeneous electric field 



E(i) = F<f>(t)e z , B(i) = 0, 



(2) 



where <fi(t) = cost and e z is a unit vector in the z- 
direction, was considered in Refs. [S IS H 01 Ell EJ 

mm 

The process (called the Schwinger pair production 
mechanism) is of fundamental importance in QED and 
in quantum field theory in general. However, previous 
estimates 0, 0, E] showed, that it hardly could be 
observed in the experiments using by that time avail- 
able optical lasers whose power was far from the limit 
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able to provide an intensity of the order of 10 29 W/cm 2 , 
which corresponds to the Schwinger critical electric field 
1.32 x 10 16 V/cm. As closer the electric field ap- 
proaches the Schwinger limit as the sub-barrier tunneling 
results in more efficient electron-positron pair produc- 
tion. Therefore, the results of studies presented in Refs. 
HHHHHHmHH for a long time were generally 
believed to be of purely theoretical interest in QED. 

Recently, fortunately, the situation has drastically 
changed, because the power of optical and infrared lasers 
rose by many orders of magnitude . This opened sev- 
eral ways to approach critical QED intensity. One way 
was demonstrated in the SLAC experiments E3j where 
46.6 GeV electron beam interacted with counterpropa- 
gating laser pulse, which intensity was 0.5-10 18 W/cm 2 . 
The incident radiation in its turn interacted with the sim- 
ilar laser pulse and several electron-positron pairs were 
detected. Then, the projects to build free-electron lasers 
at TESLA electron-positron collider in DESY and the 
corresponding facilities at SLAC, in which coherent laser 
beams with the photon energies of the order of several 
keV are supposed to be produced, are being designed 
[ill (see also Refs. Recently, an approach 

to the light intensification towards the Schwinger limit by 
using nonlinear interaction between the electromagnetic 
and the langmuir wave in plasmas has been formulated 
in Ref. [2l| . In this scheme the QED critical field can be 
achieved with present day laser systems. Hence the the- 
ory of the Schwinger effect must be considered in more 
detail in view of the new experimental possibilities. 

However, here arises a question, whether the model of 
pair creation by the time-varying electrical field in 
a vacuum resembles well enough the experimental situa- 
tion. Such a field can be generated in the antinodes of the 
standing light wave, which is realized in a superposition 
of two counter-propagating laser beams. In this case, the 
region where electric field is much larger than the mag- 
netic field, is relativel y sm all and the results obtained in 
Refs. |1 IE II II II ESUl El USUI describe just a small 
portion of the pairs that could be created by the electro- 
magnetic wave. In the rest part, the pair creation will 
be affected by the presence of the time- varying magnetic 
field. This in its turn should lead to very complicated 
formulas for pair production probability. 
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To elucidate the role of the magnetic field component 
on the electron positron creation we consider below the 
planar circularly polarized electromagnetic wave propa- 
gating in the underdense collisionless plasma. Even in 
a very low density plasma the first electromagnetic in- 
variant Ji calculated for planar electromagnetic wave is 
not equal to zero. That is why in a plasma the electron- 
positron pairs can be created by the planar wave. In 
this case the usage of the Lorentz transformation into 
the reference frame moving with the wave group velocity 
leads to the electromagnetic wave field transformation 
to the purely electric field, that rotates with constant 
frequency, and with no magnetic field. Although this 
anzatz reduces the problem under consideration to the 
situation when the pairs are created by the time vary- 
ing electric field, actually, the wave magnetic field effects 
are incorporated rigorously into our model. We notice 
that similar approach has been earlier used in Ref. |27| . 
In the present paper we use the method of "imaginary 
time" , simple and powerful mathematical technique for 
analytical continuation of the classical equations of mo- 
tion postulated to apply inside the barrier, through the 
barrier where classical motion is not allowed to join up 
with the equations of motion for particles that have es- 
caped through the barrier to the outside where classical 
motion is again allowed (see Refs. (2^, 01 )■ With the 
help of "the imaginary time technique" we shall study in 
details the dependence of the pair creation probability on 
the frequency and the amplitude of the wave. 

In addition to the pairs created by the electromag- 
netic wave via the Schwinger mechanism there is electron- 
positron pair creation due to the trident process j2j| 
and bremsstrahlung photons. We shall show that the 
electron-positron pair produced via the Schwinger mech- 
anism can be distinguished from the one appeared due to 
other mechanisms by the momentum filter, i. e. the mo- 
mentum of the " Schwinger" pair in the laboratory frame 
is larger. 

The paper is organized as follows. In section 2 we 
discuss the properties of the relativistically strong elec- 
tromagnetic wave in plasma. The probability of pair cre- 
ation by such a wave is calculated in section 3. In section 
4 the discussions of main results and conclusions are pre- 
sented. 



II. RELATIVISTICALLY STRONG 
ELECTROMAGNETIC WAVE IN PLASMA 

In this Section we recover well known properties of a 
relativistically strong electromagnetic wave in an under- 
dense collisionless plasma needed for further formulation 
of the time varying electric field configuration. A discus- 
sion of the wave behavior is based on the results obtained 
by Akhiezer and Polovin in Ref. j2||. We consider the 
circularly polarized electromagnetic wave, which is de- 
scribed by the transverse component of the vector po- 
tential: 



= Aq [e y sin(W — kx) — e z g cos(wi — kx)] . (3) 

The wave propagates in the direction of the x axis, 
its phase velocity equals uj/k, g represents right-handed 
(g = 1) or left-handed (g — —1) circular polarization, 
and Aq = cEq/w with Eq being the amplitude of the 
electric field. The dependence of the wave frequency uj 
on the x-component of the wave-vector k is given by the 
dispersion equation 



[1 + (Z a eA /m a c 2 



(4) 



where a = e,p, i, ... denotes species in the plasma with 
the electric charge Z a e , mass m a , and density n a , 

\ 1/2 

u pa = (4:Trn a Z 2 e 2 /m a ) , and c is a speed of light in a 
vacuum. By virtue of the plasma electric neutrality con- 
dition we have Z a n a — 0. Introducing notation for 

a 

the frequency w 



(5) 



? [\ + (Z a eA lm a c 2 ) 2 ] 1/2 ' 

we rewrite the dispersion equation in the form lu = 

(fc 2 c 2 + ft 2 ) 1/2 - 

The electric and the magnetic field are equal to 

E = — <?jA_l = — Ao[e y cos(W— kx)+e z sin(cji— kx)] (6) 
and 

B = V x A —kAo [e y s'm(ujt — kx) + e z cos(ojt — kx)] , (7) 
respectively. 

We see that in a plasma the first invariant of the elec- 
tromagnetic field J\ is not equal to zero: 

2 



1 



n 



* = 5 (*-^> = -2?^-U) < 8 > 

It vanishes when the plasma density tends to zero, i. e. 
in a vacuum (or in the limit Aq — > oo). It also vanishes 
when the charges of plasma species go to zero, because 

~ LU pa , which in its turn oj pa ~ Z a . 

The nonlinear electromagnetic wave in plasmas is also 
characterized by the dependence of its phase and group 
velocity on the plasma parameters and on the wave am- 
plitude. From equation we find that the phase veloc- 
ity v p h — Lu/k and the group velocity v g — duj/dk, are 
related to each other via expression v p hV g = c 2 . 

Now we perform the Lorentz transformation to the ref- 
erence frame moving with the group velocity along the 
direction of the wave propagation. The wave frequency 
and the x— component of the wave vector change accord- 
ing to 



kv„ 



(l-« 2 / c 2)l/2 



and 



k' = 



k — LOVg/c 2 
{l-vl/c 2 ) 1 ' 2 ' 



(9) 
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Using relationship v g = c /v p h — kc /u>, we obtain that 
in the moving reference frame the wave frequency equals 
u>' = fl and its wave number vanishes: k' — 0. Using 
the Lorentz invariance of the transverse component of 
the vector potential we find that in the moving reference 
frame the magnetic field in the circularly polarized elec- 
tromagnetic wave vanishes and the electric field, rotating 
with the frequency fl, is given by expression: 

E = —A (e y cos fit' + ge z sin fit') . (10) 

Further we shall use a notation E — (flAo /c) = (fl/u>)Eo. 
See also Ref. (2?| , where the model case of linearly po- 
larized wave has been considered. The finite amplitude 
linearly polarized wave propagating in plasmas has both 
transversal and longitudinal components, oscillating with 
different frequencies. That is why the problem of the pair 
production by this wave is technically more complicated, 
than the case of circularly polarized wave. It will be con- 
sidered in our forthcoming publications. 



III. PAIR PRODUCTION BY CIRCULARLY 
POLARIZED WAVE 



We consider the problem of pair production in the cir- 
cularly polarized electric field, using the approach formu- 
lated in Ref. The wave function of the electron in 
the electromagnetic field has the form 

i/>f(jp,t) = J d 3 r d 3 r e- ipr G(r,t;r ,0)ilJi(ro,0). (11) 

The Green function, according to Feynman, in the co- 
ordinate representation has the following asymptotic be- 
havior 

G(r, t; r , 0) ~ (2™i) 3 / 2 exp[zS(r, t; r , 0)], (12) 

where S is the action for the electron. For the motion 
in the in the homogeneous field ipi ~ exp(ipoi"o). Inte- 
gration of Eq. Ijllfl with the use of saddle point method 
yields the following equations for saddle point coordi- 
nates (see Ref. 8]): 



dS n dS 

— -p = 0, +po = o. 

ar aro 



(13) 



As it is known in the classical mechanics these equations 
determine the extremal trajectory, which satisfies the La- 
grange equations. Therefore with the accuracy up to the 
preexponential factor we get 



ipf ~ exp 



(<A) 



ith 



S = J Cdt-p-r + p -r , 



(14) 



(15) 



where S is the reduced action |8|], r is the coordinate 
of the particle, and rn is the initial coordinate and the 
Lagrangian (see Ref. |4|) is given by expression 



C 



-m e c 



1 



|v| 2 /c ; 



1/2 



eA 



etp, 



(16) 



which depends on the vector A and the scalar <p potential 
of the electromagnetic field and on the charged particle 
velocity v = cp/(m 2 c 2 + Ipl 2 ) 1 / 2 . Here |p| 2 = p\ + 
Py + Pz- I n particular case, when the charged particle 
interacts with the electromagnetic wave, the integrand 
in the action functional l|15|) can be expressed via the 



particle energy £ = 



|p|V 



1/2 



as 



S = - Edt 



(17) 



An expression for the action remains unchanged in a 
plasma, if we assume that A and ip are the vector and 
scalar potentials of net electromagnetic field acting on 
the electron or positron. The representation of the elec- 
tromagnetic wave field in the form (|10(l with the fre- 
quency fl given by Eq. J5J implies the use of the macro- 
scopic description of the wave. The analysis of the micro- 
scopic structure of the electron-positron pair production 
in plasmas is beyond the scope of the present publica- 
tion. However, since similar technique of the Lorentz 
transformation into the reference frame, moving with the 
wave group velocity, can be used to simplify the analy- 
sis of electron-positron pair production inside the hollow 
waveguide and in the focus region |30j , we think that the 
main results obtained below in the longwave approxima- 
tion ((2itc/uj) 3 n^> 1) will not change drastically. 

The probability of pair creation depends on the imag- 
inary part of the action as 



dw p ~ exp |— 2 Im S(p) j d 3 p 



(18) 



To calculate the pair creation probability we need to find 
the extremal trajectory for the sub-barrier motion of the 
particle, which minimizes the action. The action func- 
tional variation is 



5S 



(II I TT-Spi 
OPi 



1 d 2 E 

2 dpidp. 



■SptSpj 



a-iSpi + -b.jSpiSpj 



(19) 



with the functions 



dt^ = -pi] b i:i = - I ^ [5 i:j 



dt 



PiPj 
£ 



(20) 

Here p = r(t) — Tq is the particle displacement during 
its sub-barrier motion. The requirement of Im[S] being 



4 



minimal leads to the condition Im[p] = 0, which deter- 
mines the extremal trajectory. We introduce a notation 
qo for characteristic momentum, which corresponds to 
the extremal trajectory. In the case, when the quasiclas- 
sical approximation is valid, the momentum spectrum of 
emerging from under the barrier particles has a sharp 
peak near p = qo |g| ■ However the discussion of the ex- 
act form of the spectrum of the produced electrons and 
positrons is beyond the scope of the present paper and it 
will be carried out elsewhere. The sub-barrier motion is 
determined by the classical equations: 



P = eE, 



r = c- 



(m 2 C 2 



U/2 



(21) 



(22) 



We should add to these equations of sub-barrier motion 
the requirement of trajectory to be the extremal one, i.e. 
Im[p] — 0, then for the circularly polarized electric field 
of the form 

E x = 0, E y = E cos fit, E Z =E sin ilt, (23) 
we find 

Py = 1y + Psinftt, p z = q z - Pcosttt, p x = q x , (24) 



(m 2 c 2 



\l/2 



-dr 



0, (25) 



where r = — iilt and P — eE/Cl. From condition 
Im[p] = we obtain q y = q x = 0. As we see, when 
the particle emerges from under the barrier (t = 0) its 
momentum is perpendicular to the instantaneous direc- 
tion of the electric field. Here we encounter the drastic 
difference of the two dimensional case of the particle mo- 
tion (it was first pointed out in Q), which is realized in 
the circularly polarized wave, from the one dimensional 
motion considered in Refs. 0, 13- I n the former 
case the point of particle emerging from under the bar- 
rier is the turning point of the trajectory and therefore 
the particle momentum should be here equal to zero. In 
the two dimensional case the component of particle mo- 
mentum along the instantaneous direction of the electric 
field is zero. It is due to the fact that under the barrier 
this component is purely imaginary. The perpendicular 
component of the particle momentum can be complex. 
We use a notation q z = Ps and rewrite the equations for 
To and s in the following form, which corresponds to the 
equations of Ref. @ with ellipticity equal to one: 



l 



sinh 2 tq — (s — cosh tq) 



coshr 



7 



o [l 2 + ( s — coshr) 2 — sinh 2 r] 



1/2 



dr = 0, 



(26) 



(27) 



where To is the singular point of W(t) with W(t) being 
the action for the article moving along extremal trajec- 
tory. To has a meaning of sub-barrier motion time and 
m e c/P = 7. The parameter 7 was introduced in Refs. 

and plays a role of the adiabaticity parameter, as 
is easily inferred from the function 5(7), defined below, 
which enters the principal exponential factor in the pair 
production probability. Indeed, as long as 7 <C 1, i. e. in 
the high-field, low-frequency limit the result obtained in 
the framework of the imaginary method agrees with the 
nonperturbative result of Ref. for a static, spatially 
uniform field. Note that 7 characterizes the dynamics of 
particle tunneling through a time varying barrier and is 
similar to the well-known Keldysh parameter in the the- 
ory of the multiphoton ionization of atoms and ions by 
laser radiation [3l|. Due to the fact that in the present 
paper we do not use Lorentz factor, the notation 7 for the 
adiabaticity parameter should not cause any ambiguity. 
The sub-barrier motion time t is determined by condi- 
tion £ = {m 2 e c 4 + Ip^c 2 ) 1 / 2 = 0, which leads to equation 
(|26H . Equation (|27|) follows from a condition Im [p z ] = 0. 
The behaviour of the functions s and t is presented in 
Figs. 1 a) and b). 

Using To and s from Eqs. H26[) and (|27|l we can cal- 
culate the differential probability of the pair creation. It 
reads (see Refs. [H |29|) 



dw p = e I 



-f \g(i)+c 



r+Cl " 



d 3 p, 



(28) 



where e = E/E cr is the normalized amplitude of the 
electromagnetic wave in the moving reference frame, p± 
is the momentum of the pair in the plane perpendicular 
to the direction of wave propagation. E cr = 2m 2 c 3 /efi. is 
the Schwinger field, and the functions .9(7), c x (^), c y ("f), 
and c z ("f) are given by expressions Q: 



9(l) 



4 

7T7 



J K^dr, 



< (7)=5(7)+ 2^P 



c_l(t) 



dc x (~f) 

G?7 



(29) 



(30) 



(31) 



where K = 1 — [sinh 2 t — (s — cosIit) 2 ] /7 2 . According 
to Ref. the function (7(7) demonstrates typical be- 
havior of the pair creation in the linearly polarized elec- 
tric field. The function 3(7) is presented in Fig. 2 along 
with two typical examples from Ref. 24] . 

The total probability of pair creation can be repre- 
sented as a sum of probabilities of many-photon processes 



U'r, 



(32) 
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where w n is dw p integrated over d?p with energy conser- 
vation in the multiphoton process taken into account (see 
Refs. 00)- In the limit of small adiabaticity parame- 
ter (7 <C 1), typical for nowadays lasers, [24j|i we get for 
the total probability of pair creation per unit volume per 
second 



W : 



c 2 

e exp 



4tt 3 A 4 



-~<?(7) 



(33) 



We should note, that unlike the case of linear polarization 
here there is no additional factor yfe (see [24| for details) 
compared to a constant field. It is due to the fact, that 
in the limit to — > the circularly polarized field becomes 
constant one. 

However the parameter 7 is not convenient for studying 
the probability of pair creation, because the probability 
depends on e and 7, which are not independent. These 
parameters are related as 



7 = 



m e c m e cuj 



P 



eE 



27rA e 



(34) 



where A e = 3.86 x 10" 11 cm is the electron Compton 
length. Therefore it is more convenient to study the prob- 
ability dependence on the electromagnetic wave wave- 
length, A, and on the parameter e. In addition, the elec- 
tromagnetic wave is described in terms of amplitude (e), 
wavelength (A) and its shape, which determines function 
.9(7)- 

In order to understand at what wavelength the shape 
of the pulse begins to play an important role, we present 
the dependence of g(e) on parameter e in Fig. 3a for 
different values of A. It can be seen form this figure that 
for A < 10~ 7 cm the dependence of g(e) on e should 
be taken into account. However all the nowaday lasers 
are far from this limit (see Ref. (24|). This effect can 
manifest itself only in future X-ray lasers. Moreover there 
is another problem with detecting this effect. One should 
has rather small e (see Fig. 3a), at which the pairs are 
produced at very small rate. As it can be seen from Fig. 
3b, where the dependence of pair creation probability on 
£ for different values of A is shown, for A = 10~ 7 cm 
one pair is created at e ~ 0.08 in the volume (10 _6 cm) 3 
and in 500 fms. To elucidate this point we present Figs. 
3c and 3d, where the dependence of g and W on A for 
e = 0.08 are shown respectively. 

We should notice that the initial parameters of the 
electromagnetic wave in vacuum enter the expression for 
pair creation probability through parameters 7 and e: 



7 



m e c u> 



and 



where E is the amplitude of the electric field in the lab- 
oratory reference frame. So the electric field amplitude 
effectively decreases in plasma and 7 increases. 

In the reference frame moving with the wave group 
velocity using expression H10|l we find that the electron 
momentum is equal to 



p' = P [e y (s — cos fit') — e z sin fit'} 



(36) 



The electron energy is 



£' = <{ m 2 e c 4 + 2P 2 [1 + — - s cos Qt'] 



1/2 



(37) 



Performing the Lorentz transformation to the laboratory 
frame we obtain the electron energy 



n 



m e c + 2P A [ 1 + — - s cos\ 



1/2 



with x — — kx and its longitudinal momentum 



Px 



(h) ! 



rnlc 4 + 2P 2 1 



s cos x 



The transverse momentum is given by 
P 

P = —{ e yi s - C0S X] - e 2 sinx}- 



(38) 

- 1 1/2 

(39) 

(40) 



In Fig. 4 we present averaged energy and longitudinal 
momentum versus 7. The averaging was performed on 
the phase of the pair creation, i.e. by calculating integral 



< 



> = 



OJ 



(■■■)d x . 



(41) 



We see that in the limit of large P and uj/Q, the energy 
and the longitudinal component of the particle are pro- 
portional to m e c 2 (u)P/£l) and m e c(ujP/Q). 

In addition to the pairs created by the electromag- 
netic wave via the Schwinger mechanism there is electron- 
positron pair creation due the trident process (see Ref. 
|25|). The electron (positron) is created by the trident 
process in the laboratory reference frame with the negli- 
gible small transverse momentum and then it gains the 
transverse momentum equal to 

p 

p' = — [e y (cos fit' — cosf^) — e z (sin fit' — sin Slip)] . 

(42) 

Contrary to the particles created via the Schwinger mech- 
anism these electrons (positrons) have in the moving 
reference frame non-zero longitudinal momentum. It is 
equal to 



Px = 



m e v g 



1 



1/2 



-m e c 



- 1 



1/2 



(43) 



In Fig. 4b we present the dependence of the longitudi- 
nal momenta in the laboratory frame of trident electrons 
(lower curve) and "Schwinger" electrons on parameter 7. 
It is obvious that these two mechanisms of pair produc- 
tion can easily be distinguished, because the longitudinal 
momentum of " Schwinger" electrons is larger. The same 
analysis can also be applied to the electron-positron pairs 
produced by the bremsstrahlung photons |32l | , interacting 
with plasma particles. 
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We should note that one of the possible explanations of 
this phenomenon is that " Schwingcr" pairs are produced 
on vacuum, while in all other mechanisms the pairs are 
produced on moving plasma particles. 

IV. CONCLUSIONS 

In the present paper we considered the problem of the 
electron-positron pair creation by the circularly polar- 
ized laser pulse in a plasma via the Schwinger mecha- 
nism. The representation of the electromagnetic wave 
field in the form (|10fl with the frequency Q given by Eq. 
(JSJ) corresponds to the use of the macroscopic description 
of the electromagnetic wave. The analysis of the micro- 
scopic structure of the electron-positron pair production 
in plasmas is beyond the scope of the present publica- 
tion. However, since similar technique of the Lorentz 
transformation into the reference frame, moving with the 
wave group velocity, can be used to simplify the analy- 
sis of electron-positron pair production inside the hollow 
waveguide and in the focus region 30], we think that 
the main results obtained above in the longwave approx- 
imation ((2irc/ui) 3 n ^> 1) will not change substantially. 
On the other hand the elaboration of the microscopic de- 
scription will particularly determine the applicability of 
the approximation used. 

Using the properties of the dispersion equation for the 
electromagnetic wave in plasma, we carried out the cal- 
culation of the probability in the reference frame moving 
with the group velocity of the wave. The great simpli- 
fication of the problem has been achieved owing to the 
fact that in this reference frame the magnetic field of the 
wave vanishes and the problem has been reduced to the 
problem of the pair creation in rotating electric field. 

In the present paper we used "the imaginary time 
method" to calculate the probability of pair creation by 
the circularly polarized electric field. There arises a prob- 
lem of validity of the quasi-classical tunneling time and 
"the imaginary time method". The calculations of the 
pair production by the time-varying electric field car- 
ried out within the frameworks of "the imaginary time 
method" [|| and Dirac theory agree to each other up to 
the preexponential factor accuracy. It is also well known 



that "the imaginary time" technique has been widely 
used in the problem of the atom ionization by strong 
electromagnetic wave. Theoretical and experimental re- 
sults relevant to the ionization problem can be found in 
Refs. 1331 13 II] and in cited literature therein. See also 
Ref. HIT 

We noticed that there is a drastic difference between 
the one dimensional and the two dimensional cases of 
particle motion below the energy barrier, i. e. in the one 
dimensional case the particle emerges from under the bar- 
rier with zero momentum. In two dimensional case the 
particle is produced with nonzero momentum perpendic- 
ular to the instantaneous direction of the electric field, 
which was first pointed out in Ref. @. 

In the moving reference frame we calculated the prob- 
ability of the pair creation. We found that one pair is 
produced in (10 _6 cm) 3 volume in 500 fms when the field 
amplitude reaches a value about 0.08 of the critical QED 
field for lasers with the wavelength A = 10~ 4 10~ 8 
cm. This value of the field amplitude in plasma in the 
moving frame corresponds to initial field amplitude in 
vacuum Eq = Ew/fl. We also studied the dependence of 
pair creation probability on the wavelength of the elec- 
tromagnetic wave. 

We notice that the electron-positron pairs created via 
the Schwinger mechanism can be distinguished from the 
pairs created in the trident reaction during interaction of 
the plasma electrons with nuclei as well as from the pairs 
produced by bremsstrahlung photons. The electron- 
positron pairs created via the Schwinger mechanism in 
the laboratory reference frame have the longitudinal mo- 
mentum larger than the pairs appeared due to the trident 
reaction and bremsstrahlung induced pair production. 
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Figure Captions 

Fig.l a) The dependence of the initial electron (positron) momentum normalized on the amplitude of vector potential 
s on the parameter 7; b) The dependence of the electron sub-barrier motion time r on the parameter 7. 

Fig. 2 g(j) versus 7. The upper curve corresponds to the circularly polarized electromagnetic wave, which coincides 
with the result of Ref. next one corresponds to the linearly polarized electromagnetic wave ~ coswt, the last one 
also to the linearly polarized wave, but with l/coshwt time dependence. 

Fig. 3 a) The dependence of g on e for different values of A: 10 -10 cm, 10~ 9 cm, 5 x 10~ 9 cm, 10 -8 cm, 10~ 7 cm, 
and 10 -6 cm, from bottom to top; b) The dependence of log 10 W in the volume (10 -6 cm) 3 and in 500 fms on e for 
different values of A: 10~ 9 cm, 5 x 10~ 9 cm, 10~ 8 cm, and 10~ 7 cm from top to bottom; c) The dependence of g on 
A for e = 0.08; d) The dependence of log 10 W in the volume (10 _6 cm) 3 and in 500 fms on A for e = 0.08. 

Fig. 4 a) The energy and the momentum of produced pairs in the laboratory frame, averaged over time, versus 
parameter 7 for uj /oj p = 5; b) The momenta of "Schwinger" pairs (upper curve) and "trident" pairs in the laboratory 
frame, averaged over time, versus parameter 7. 
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